BRG1 and BRM are ATPase core subunits of the human SWI/SNF chromatin remodelling complexes. The function of the SWI/SNF complexes in transcriptional initiation has been well studied, while a function in alternative splicing has only been studied for a few cases for BRM-containing SWI/SNF complexes. Here, we have expressed BRG1 in C33A cells, a BRG1 and BRM-deficient cell line, and we have analysed the effects on the transcriptome by RNA sequencing. We have shown that BRG1 expression affects the splicing of a subset of genes. For some, BRG1 expression favours exon inclusion and for others, exon skipping. Some of the changes in alternative splicing induced by BRG1 expression do not require the ATPase activity of BRG1. Among the exons regulated through an ATPase-independent mechanism, the included exons had signatures of high GC-content and lacked a positioned nucleosome at the exon. By investigating three genes in which the expression of either wild-type BRG1 or a BRG1-ATPase-deficient variant favoured exon inclusion, we showed that expression of the ATPases promotes the local recruitment of RNA binding factors to chromatin and RNA in a differential manner. The hnRNPL, hnRNPU and SAM68 proteins associated to chromatin in C33A cells expressing BRG1 or BRM, but their association with RNA varied. We propose that SWI/SNF can regulate alternative splicing by interacting with splicing-RNA binding factor and altering their binding to the nascent pre-mRNA, which changes RNP structure.
Introduction
Chromatin influences transcription not only at the level of initiation and elongation: RNA processing is also influenced by the chromatin structure and changes are required to establish proper gene expression responses to the environment. Alternative splicing and alternative polyadenylation produce different mature mRNA from the same pre-mRNA, being an important source of the diversity of proteins (Wang et al., 2008; Di Giammartino et al., 2011) . mRNA processing, such as 5'-capping, splicing and polyadenylation events occur to a large extent cotranscriptionally (Ameur et al., 2011; Tilgner et al., 2012) , and is tightly coupled to the transcription machinery and chromatin (reviewed in Shukla and Oberdoerffer, 2012; Cusódio and Carmo-Fonseca 2015; Saldi et al., 2016) . Processing factors and RNA binding factors are recruited by the RNA polymerase II (RNA pol II) and by chromatin during elongation. RNA pol II recruits factors by its C-terminal domain (CTD); the 5'-capping enzymes are recruited by serine 5-phophorylated (Ser5-P CTD) RNA pol II CTD (McCracken et al., 1997; Cho et al., 1997; Moteki and Price, 2002) . Histone modifications in the gene body recruit chromatin proteins, such as the ATPase CHD1 which binds H3K4me3 at the start of a transcribed region and recruits U2snRNP (Sims et al., 2007) . Histone-modifying and chromatin proteins are also recruited to the nascent RNA by endogenous small RNA bound to Argonaut (AGO) (Ameyar-Zazoua et al., 2012; Alló et al., 2014) .
The mechanisms involved in the regulation of co-transcriptional alternative mRNA splicing are summarised in two general models: the recruitment and the kinetic model. The recruitment model proposes that the splicing outcome is a combinatorial event that depends on splicing factor recruited to the target exon. In addition to the general splicing machinery, many RNAbinding proteins, such as serine-rich proteins (SR-proteins) and heterogeneous nuclear ribonucleoproteins (hnRNPs) function as splicing enhancers and silencers (Witten and Ule, 2011; Deconte et al., 2013; Lee et al., 2015) . These proteins bind to RNA and promote binding of the general splicing machinery or mask splice sites. The kinetic model postulates that the transcription rate determines the inclusion or skipping of alternative exons; a slow RNA polymerase II gives the splicing machinery more time to recognise splice sites and perform the splicing reaction (Kornblihtt, 2007; Kornblihtt et al., 2009; Ip et al., 2011; Naftelberg et al., 2015; Saldi et al., 2016) . However, recent studies have shown that the transcription rate must be optimal to achieve a normal set of splice forms (Fong et al., 2017; Saldi et al., 2018) . How the transcription rate is established and changed in vivo is poorly understood. It has been proposed that it depends on the phosphorylation state of the RNA pol II and on the modifications in the chromatin template. A higher Ser5-P CTD slows down or even pauses the RNA pol II, allowing for a time window for the splicing machinery to recognise weak splice sites (Batsché et al., 2006; Hirose et al., 2007; Harlen et al., 2016; Hsin and Manley, 2012; Costódio and Carmo-Fonseca, 2016; Garavis et al., 2017; Nojima et al., 2018) . Furthermore, a number of histone modifications have been shown to localise with alternative exons and regulate transcription rate (Gundersen and Johnson, 2009; Luco et al., 2010; Hnilicova et al., 2011; Spain and Govind, 2011; Jonkers et al., 2014) . The rate has also been associated with histone modifications that recruit different proteins, such as HP1α, which results in a slowdown of the RNA pol II and inclusion of exons (Chen et al., 2018; Iannone and Valcárcel, 2013; Zhou et al., 2014) .
The kinetic model and the recruitment model are not mutually exclusive but rather potentiate each other, and many factors, such as CHD1, MRG15 and U2snRNPs, are recruited by histone modifications (Sims et al., 2007; Luco et al., 2010; Pradeepa et al., 2012; Yearim et al., 2015; Dujardin et al., 2014) . Many of these adaptors that promote alternative splicing are chromatin proteins involved in chromatin dynamics. These proteins are usually part of chromatin remodelling complexes, and are important to establish specific chromatin states by altering the nucleosome occupancy (Hota and Bruneau, 2016; Clapier et al., 2017) . It is well established that the ATP-dependent chromatin remodelling SWI/SNF complexes function at promoters, but the ATPases have also been implicated in different steps of RNA processing. The human SWI/SNF complexes are typically composed of either BRG1 or BRM as the ATPase catalytic subunit, and BAF155, BAF170 and Ini1/SNF5 (Hargreaves and Crabtree, 2013; Masliah-Planchon et al., 2015) . The BRM SWI/SNF complexes have been proposed to change the phosphorylation state of the CTD of RNA pol II during elongation, which changes the rate of transcription (Batsché et al., 2006; Ito et al., 2008) . The Drosophila SWI/SNF complex changes the splicing outcome of a number of transcripts (Tyagi et al., 2009; Waldholm et al., 2011) , by nucleosome stability (Zraly and Dingwall, 2012) . SWI/SNF ATPases have also been found to associate to the growing RNP (Tyagi et al., 2009) and to interact with general splicing factors (Zhao et al., 1998; Dellaire et al., 2002; Ito et al., 2008; Allemand et al., 2016; Yu et al., 2018) . Furthermore, the human BRG1 regulates alternative cleavage sites by degrading the 3' end processing factor CstF through interacting with BRCA/ BARD (Fontana et al., 2017) . BRG1 and its Drosophila orthologue Brm are also involved in cleavage site choice of mRNA by interacting with members of the cleavage and polyadenylation factor complexes (CPSF) . However, the mechanisms by which the SWI/SNF ATPases function in alternative mRNA processing is still not fully understood.
In this study we have performed an RNA-seq transcriptome analysis of C33A cells, a SWI/SNF deficient cell line (Muchardt and Yaniv 1993; Wong et al., 2000; Decristofaro et al., 2001) , that exogenously expresses SWI/SNF ATPases, and we have identified a subset of genes whose splicing outcome was affected. Both exon inclusion and skipping of exons were favoured by expression of the ATPases, and approximately half did not require the ATPase activity. BRG1 affected exons separated into two groups, ATPase dependent and ATPase independent, of which the ATPase independent exons exhibited specific features: a high GC-content without a nucleosome positioning at the exon. We show that for this group of exons, the effect of BRG1 on splicing is not correlated with an altered nucleosome density or change in RNA pol II accumulation. We show instead that BRG1 can rearrange the binding of RNA regulators to RNA, and thereby fine-tune the splicing outcome.
Results

BRG1 and BRM affect the splicing outcome of a subset of genes.
SWI/SNF ATPases and complexes have been shown to affect splicing in both human cell lines and in Drosophila (Batshé et al., 2006; Ito et al., 2008; Tyagi et al., 2009; Allemand et al., 2016) , but the effect has only been shown on a few genes. To identify the extent of the effect of SWI/SNF ATPases in splicing, we performed RNA-seq of the polyadenylated transcriptome of C33A cells transfected with either BRG1 or BRM. C33A cells transfected with empty vector was used as reference, and duplicates of BRG1 or BRM transfected cells, as well as cells transfected with the ATP deficient variants, were performed. After 48 hours of transfection, RNA was prepared and converted to cDNA using oligo-dT primers. The results from the RNA seq data were analysed for differentially spliced exons in the ATPase expressing cells, using the MISO algorithm (Katz et al., 2010) , and a subset of genes with differentially spliced exons was identified ( Supplementary Table S1 ). Both BRG1 and BRM affected the splicing outcome; BRG1 expression resulted in altered splicing of 836 exons ( Figure 1A ), of which 56% exhibited an increased inclusion ( Figure S1A ). Expression of the ATPase deficient BRG1 (BRG1-mut) also affected splicing: 1052 exons were affected ( Figure 1A) , with 57% exhibiting an increased inclusion ( Figure S1A ). The ATPase activity was not required for the splicing outcome in 38% of the BRG1 affected exons; 316 exons were common to both BRG1 and BRG1-mut, whereas 520 exons were influence by BRG1 alone ( Figure 1A ). Of the 836 exons affected by BRG1, 240 were also affected by the expression of BRM ( Figure 1A ), suggesting that most BRG1 target exons are exclusive to BRG1. BRM expression affected more exons: 1116 exons, 49% of which exhibited favoured inclusion. Only a small number, 195, of these were ATPase independent, and appeared in cells expressing BRM-mut (Figures S1A and S1B).
Next, we analysed whether the genes with the affected exons were differentially expressed, since the primary action of SWI/SNF complexes is to regulate chromatin at promoters and enhancers.
Analysis performed using DESeq2 ( Supplementary Table S2 ) showed that the expressions of 251 genes were affected upon expression of BRG1 in C33A cells, and the genes affected showed a great overlap with the genes found in BRM expressing cells ( Figure S1C ). Interestingly, BRG1-mut expression also affected gene expression, which indicates that genes also in human cells genes are regulated by SWI/SNF in an ATPase independent manner, similar to Drosophila cells (Jordán-Pla et al., 2018) ( Supplementary Table S3 ). Only a minor fraction, 84 genes, were affected at the levels of both gene expression and splicing, suggesting that SWI/SNF complexes in most cases affect the promoter and exons independently.
Most studies have focused on the function of BRM in RNA processing, and the role of BRG1 in splicing is poorly understood. Our results show that BRG1 also affects splicing, which prompted us to focus on role of the BRG1-SWI/SNF in splicing. The expression of BRG1 or BRG1-mut did not affect exons that overlapped completely, and we divided them into two groups for further analysis. We argued that the group of exons affected by expression of either BRG1 or BRG1mut used an ATP-independent mechanism, whereas those exons affected by BRG1 alone used an ATPase dependent mechanism. Both groups contained included and skipped exons; 53% included exons in the BRG1 ATPase dependent group and 55% included exons in group of ATPase independent affected exons ( Figure 1B ). To examine whether SWI/SNF subunits associated with the affected genes, we analysed published ChIP-seq data from HeLa cells of BRG1 and several SWI/SNF core subunits (Euskirchen et al., 2011) . The factors BRG1, SNF5/INI1, BAF155 and BAF170 associate with the genes harbouring differentially spliced exons in the affected ATPase dependent and independent groups (Supplementary Figure S1D ).
The overlap in signals suggested that BRG1 associated with the affected exons in the context of a SWI/SNF complex and not as a single ATPase. We also analysed the binding to the genes containing BRG1 affected exons of other DNA binding proteins in the OREGANNO database (Lesurf et al., 2016) . BRG1 (SMARCA4 gene product) was the most abundant protein present at the genes with exons affected with BRG1, both in the ATPase dependent and independent way, and other factors, such as EGR1 and CTCF, also bound to these genes (Supplementary Figure   S1E ).
BRG1 included and skipped exons have different GC content and chromatin signatures
The MISO analysis identifies internal exons and we established that the majority of the BRG1 affected exons were cassette exons (80%) ( Figure 1C ). Exons have been classified depending on different features, such as sequence characteristics, chromatin states (Hollande et al., 2018) and the association of splicing enhancer and silencing proteins (Lee and Rio, 2015) . We thus examined the differentially spliced exons in the BRG1 ATPase dependent and ATPase independent groups for specific features. The GC content of exons is one signature that has been proposed to be involved in exon and intron definition mechanisms (Zhang et al., 2011; Amit et al., 2012) . The affected included and skipped exons in the BRG1 ATPase independent group exhibited different GC contents, and the ATPase independent exons included a high GC content (approximately 55%), flanked by relatively high GC content introns (+/-500 bp) ( Figure 1D ). In contrast, the skipped exons had a lower GC content (47%) similar to the mean of all expressed exons ( Figure 1D ). The GC content was low, at the level of the mean of all expressed exons, in both included and skipped exons in the ATPase dependent exons ( Figure 1D ).
Exons with a high GC content are usually flanked by short introns, which favour intron definition mechanisms in which splice sites are defined by the binding of general splicing factors (Zhang et al., 2011; Amit et al., 2012; Georgomanolis et al., 2016) . Most of the introns surrounding included exons both upstream and downstream in the two groups were longer than 1 kb: 59% of the exons affected in ATPase dependent group and 64% of exons in the ATP independent group ( Figure 1E ). This suggests that the length of the introns is not a defining characteristic for BRG1 affected exons.
Since positioned nucleosomes are also exon or intron definition features (Kornblitt et al., 2009; Schwartz and Ast, 2010; Amit et al., 2012) , the BRG1 affected exons were examined for nucleosome occupancy using ENCODE data. The BRG1 ATPase dependent affected exons had positioned nucleosomes in both skipped and included exons ( Figure 1E ). The nucleosome occupancy in the BRG1 ATPase independent group displayed a pattern in which skipped exons had a nucleosome positioned at the exon, while no such positioned nucleosome was observed at included high GC-content exons ( Figure 1F ). We also investigated whether BRG1 affected exons that were affected by BRM displayed differences between included and skipped exons. 122 of the 240 BRG1 and BRM common exons were also affected in BRG1-mut expressing cells (Supplementary Figure S1B ) and when these were removed, both included and skipped BRG1 and BRM exons had a low GC-content and a positioned nucleosome at the exon (Supplementary Figure S1F ). Since GC-content and nucleosome positioning are features that have been proposed to determine splicing mechanism, we suggest that these underlying features also influence the mechanisms used by BRG1; ATPase dependent included and skipped exons use a positioned nucleosome to define the exon in a low GC environment, whereas included exons with a high GC-content are ATPase independent and defined by a different mechanism.
Several reports have suggested that exons, also alternative exons, hold specific combinations of histone modifications, such as H3K4me3, H3K9Ac, H3K27Ac, and H3K36me3 (Enroth et al., 2012; Iannone and Valcárcel, 2013; Curado et al., 2015; Hou et al., 2017; Kim et al., 2018) , which led us to analyse the chromatin state at the BRG1 affected exons using the ENCODE data. BRG1 affected exons had slightly more exons exhibiting a chromatin state of transcriptional elongation than the average in all expressed exons ( Figure S1G ). The ATPase independent exons also had slightly more exons in a transcription start site configuration ( Figure S1G ). We also analysed differences in histone modifications in the ATP dependent and independent affected exons and their flanking region (+/-2 kbp from the 3' and 5' splice sites) using ENCODE data.
The ATP independent included exons had a higher level of H3K27Ac than ATP dependent, while the ATPase dependent exons had a lower level of H3K36me3 ATPase dependent skipped exons (Supplementary Figure S1H) . The H3K4me3 and H3K9ac patterns of the ATPase dependent and the independent exons displayed were similar (Supplementary Figure S1H ).
MYL6, GADD45A and MAZ are genes that are alternatively spliced by BRG1 and BRM.
The ATPase independent BRG1 included exons exhibit high GC-content without a nucleosome positioned at the exon, a group of exons described by Amit et al. (2012) . This group of exons was proposed to use exon definition mechanisms instead of the more commonly used intron definition mechanisms (Amit et al., 2012) . We chose to further elucidate the mechanism by which BRG1-SWI/SNF complexes affect splicing on the inclusion of high GC-content alternative exons. Three genes with increased inclusion in C33A cells expressing BRG1 were selected for further investigation: MYL6, GADD45A and MAZ. These had been identified through our genome-wide MISO analysis ( Supplementary Table S1 ) as having a higher level of a cassette exon included in the ATPase independent group.
Two alternatively spliced forms of MYL6 were expressed in C33A cells; the one with the cassette exon 6 included was less abundant, 13% of the expressed transcripts (Figure 2A , bottom panel). The abundances of the isoforms, determined by PCR, were similar to those observed in the RNA-seq, which showed that 8.5% constituted the MYL6 isoform including exon 6. qPCR analysis (using primers in Figure 2A , top panel) validated a higher inclusion level of exon 6 by BRG1, BRG1-mut and BRM expression ( Figure 2A , middle panel) with over 20% above the level observed in control cells. GADD45A exon 2 was identified as being more included by BRG1 in the MISO analysis, but the splice form was the most abundant one in C33A, with 78% of isoform containing exon 2 in C33A cells (75% in the RNA seq analysis) ( Figure 2B , bottom panel). qPCR analysis showed that expression of the BRG1, BRG1-mut and BRM increased the inclusion of exon 2 by between 40% and 60% ( Figure 2C , middle panel). The MISO analysis also showed a favoured inclusion of exon 5 in the MAZ transcript, which was the low abundant form, only constituting 19%, in C33A cells (8% in the RNA seq analysis) ( Figure 2C , bottom panel). qPCR analysis showed that exon 5 was significantly more included upon BRG1 and BRM expression when compared to the transcript without exon 5, by 20% and 40%, respectively ( Figure 2C , middle panel). We conclude that these exons were affected by both BRG1 and BRM, and neither of them changed the ratio between affected exons dramatically, but rather fine-tuned the abundance of the different transcripts.
We also measured the level of splicing of these exons upon knock-down of BRG1 or BRM in HeLa cells, which express both ATPases endogenously. The endogenous pattern of expression of MYL6 exon 6 splice variants showed that the longer variant was the less abundant, with approximately 20% of the transcript. BRG1 knock-down in HeLa cells led to a reduced inclusion of the exon by 50%, while BRM knock-down did not lead to a difference in the inclusion rate Knock-down of BRG1 in HeLa cells reduced the inclusion of exon 5, and similar to exon 6 in MYL6, no effect was observed in BRM knock-down cells ( Figure 2C , middle panel). We conclude that the two ATPases are not able to fully substitute for each other and this effect is cell type specific.
BRG1 affects splicing as part of the SWI/SNF complex.
The results from the qPCR analysis showed that the actions of BRG1 and BRM are different on the three genes in both C33A and HeLa cells. In C33A cells, expression of BRG1 and BRG1mut affected splicing, while only BRM and not BRM-mut expression altered the splicing pattern.
We conclude that BRG1 favoured inclusion of these cassette exons in an ATP-independent manner, whereas BRM favoured inclusion in ATP dependent manner. To further investigate the mechanisms by which SWI/SNF complexes influence splicing, we focused on the BRG1 ATPase independent action.
We analysed by ChIP-qPCR whether the exogenously expressed BRG1 in C33A was recruited to the affected exon in the three genes investigated. BRG1 was recruited to the exons of MYL6, GADD45A and MAZ in BRG1 expressing cells, while the BRM levels were low (Figures 2D, 2E and 2F). BAF155 and INI1/hSNF5, core subunits of SWI/SNF complexes, were also present at the exons in BRG1 expressing cells but not in control cells ( Figure 2D ), which supports the idea that the BRG1 functions as part of the SWI/SNF complex. The BRG1 or the core subunits were not recruited to the promoter or the constitutive exon 7 of MYL6 ( Figure 2D) , showing that the association of SWI/SNF subunits was specific to the affected exon. BRG1-mut was also detected at the affected exons in cells expressing BRG1-mut (Supplementary Figure S2A ). In addition, we examined the association of BRM to the exons in the BRM and BRM-mut expressing cells, and found that these ATPases were also recruited to these exons (Supplementary Figure S2B ). In the case of BRM-mut, this did not affect the splicing outcome.
Expression of BRG1 does not change the chromatin landscape
SWI/SNF complex components in Drosophila cells have been shown to change nucleosome configuration to achieve splicing differences (Zraly and Dingwall. 2012). Furthermore, in mammalian cells, SWI/SNF complexes are suggested to alter the RNA polymerase rate and phosphorylation level to favour inclusion of exons (Batshé et al., 2006; Ito et al., 2008) . This led us to investigate whether BRG1 and BRG1-mut expression in C33A cells induces changes in the nucleosome density over the exons. We performed ChIP of histone H3 and of several histone modifications, but none of the changes observed correlated with splicing outcome. The histone H3 level at MYL6 exon 6 remained at the same level in control cells and in cells that expressed BRG1, while it was reduced by the expression of BRG1-mut ( Figure 3A ). This pattern was also observed at the constitutive exon 7, which was not BRG1 or BRG1-mut dependent. The histone H3 occupancy at GADD45A resembled that at MYL6 exon 6 ( Figure 3B ), and BRG1-mut reduced the level. No change in occupancy was observed on MAZ exon 5 ( Figure 3C ). The occupancy in BRM and BRM-mut expressing cells was altered compared to control cells on MYL6 and MAZ exon 5, but not on GADD45 exon 2 ( Supplementary Figures S3A to S3C ). We conclude that the nucleosome landscape does not affect splicing on these genes.
We also investigated the accumulation of the histone modifications H3K36me3, H3K4me3, H3K9Ac and H3K27Ac, but no changes that could be correlated with the splicing outcome were higher at MYL6 exon 6 and GADD45A exon 2, and lower levels at MAZ exon 5. The levels of these modifications in BRM and BRM-mut expressing cells varied, and both accumulation and reduction in H3K36me3 and H3K4me3 were observed at the different genes ( Supplementary   Figures S3A toS3F) . However, no changes in histone density or histone modifications correlated with changes in splicing outcome, and we conclude that BRG1 does not affect the chromatin landscape around affected exons to promote inclusion of this group of exons.
Expression of the SWI/SNF ATPases does not change the RNA pol II occupancy
Next, we examined the effect of the expression of BRG1 and BRG1-mut on the RNA pol II occupancy at the investigated exons. The occupancy was not significantly changed at any of the exons in the three genes compared to that in control cells (Figures 3D to 3F and Supplementary Figures S3D to S3I) . Only BRM-mut expressing cells displayed a reduced RNA pol II CTD accumulation in exon 5 in MAZ compared to control cells (Supplementary Figure 3I ). The phosphorylation of CTD at serine 2 (Ser2-P CTD), and in particular at serine 5 (Ser5-P CTD), plays an important role in the dynamics of RNA pol II and splicing (Batsché et al., 2006; Ito et al., 2008; Ip et al., 2011; Nojima et al., 2018) . No differences were found in the levels of Ser2-P CTD or Ser5-P CTD at the exons of MYL6 and GADD45A when expressing BRG1 and BRG1mut compared to control cells ( Figures 3D and 3E , lower panel). However, MAZ exon 5 displayed an increase of both Ser2-P CTD and Ser5-P CTD in BRG1-mut-expressing cells ( Figure 3H ), indicating that BRG1-mut recruitment in the context of MAZ exon results in altered RNA pol II phosphorylation levels. No changes in RNA Pol II phosphorylation were observed in BRM and BRM-mut expressing cells ( Supplementary Figures S3G to S3I ). In summary, the expected increase in the Ser5-P CTD to Ser2-P CTD ratio, or even a consistent accumulation of phosphorylated RNA pol II CTD, failed to occur on the investigated included exons in BRG1 expressing cells. We therefore conclude that BRG1-SWI/SNF complexes are able to influence the splicing outcome in alternative ways than by changing chromatin landscape or RNA pol II CTD state. We hypothesise that BRG1-SWI/SNF complexes instead may alter the recruitment of regulatory RNA binding proteins to influence the splicing outcome in an ATP-independent way on this group of exons.
BRG1 and BRM interact with RNA binding proteins, including splicing regulatory proteins.
Exons with high GC-content flanked by introns with high GC-content have been proposed to favour intron definition mechanisms in which splice sites are defined by the binding of splicing factors (Amit et al., 2012; Georgomanolis et al., 2016) . SWI/SNF ATPases, in particular BRG1, interact with several RNA binding proteins and general splicing factors (Zhao et al., 1998; Dellaire et al., 2002; Tyagi et al., 2009; Allemand et al., 2016) . We analysed the mass spectrometry data of BRG1 and BRM interacting proteins in the RNAse treated chromatin fraction (RNP fraction) from HeLa cells . Several RNA binding proteins were found in the co-immunoprecipitate; an enrichment analysis for the GO term "RNA binding" (GO:0008380) revealed 79 interactors with BRG1 and 18 interactors with BRM, 16 of them identical in the two groups ( Figure 4A ). The top significant GO terms from BRG1 and BRM interactors include "mRNA splicing, via spliceosome" and "spliceosome complex" (Supplementary Figure S4A) , strongly suggesting a close relation between SWI/SNF ATPases and the splicing machinery. We compared the interactors associated with BRG1 and BRM in the RNP-fraction to defined splicing factors and RNA binding factors (Hegele et al., 2012) and the results showed that BRG1 and BRM interacted with factors involved in different steps in the splicing cycle ( Figure 4B ). BRG1, and to some extent BRM, interacted mainly with the peripheral protein complexes that are recruited during the assembly of the A to Bact/B* complexes, such as the 3'-splice recognition proteins U2AF2 and SF1 in the A complex and the general splicing factors in the U2 snRNP complexes SF3a and SF3b, the U4/U6 snRNP factors Prp31 and Prp3, U5 snRNA component BRR2, Prp8 and Prp6, and the Prp19/CDC5Lcomplex in the Bact/B*. In addition to factors recruited early, proteins involved in later steps, such as the release of the spliceosome by Prp43/DHX15, as well as proteins of the exon junction complex and the THOC complex (EJC/TREX) were also found to bind to BRG1. Splicing regulators were also found; hnRNP proteins constituted a large group that interacted with BRG1 and BRM. We validated the interactions of proteins representing different groups in the mass spectrometry analysis: the RNA binding factors hnRNPL, DHX9, THOC2, the U2 splice factor SAP155 and the alternative splicing regulator Sam68 ( Supplementary Figures S4B and S4C ).
Binding motifs of several RNA binding factors were present in the exons affected by BRG1 expression or in the immediate flanking regions (Figure 4C , right lane). We compared factors whose motifs were found at the exons with the factors found as interactors with BRG1 and BRM in the mass spectrometry (Figure 4C , left lane) and found that many hnRNPs were well represented. They had both binding motifs and were found to bind to the ATPases in the mass spectroscopy analyses with high scores.
BRG1 recruits RNA binding factors to the affected genes
Next, we asked whether the effect on the splicing outcome observed upon expression of BRG1 was caused by recruitment of RNA binding proteins to the exons investigated. By ChIP, we showed that expression of BRG1 and BRG1-mut changed the pattern of factors associating with MYL6 exon 6, and a number of factors were recruited, such as hnRNPL, hnRNPU, hnRNPA1, hnRNPA2B1, DHX15, SYF1 and SAM68, although to different levels ( Figure 5A ). HnRNPU was already present in control cells and remained associated with the site in BRG1 expressing cells. Expression of BRM, and particularly BRM-mut, recruited fewer factors to the exons than BRG1 (Supplementary Figure S5A) . We focused on hnRNPL, hnRNPU and SAM68 for further investigations, since hnRNPL strongly associated with BRG1 in the immunoprecipitation of the RNP fraction, hnRNPU is reported to bind BRG1 and histone modifying proteins (Obrdlik et al., 2008; Vizlin-Hodzic et al., 2011) , and SAM68 regulates splicing together with BRM (Batsché et al., 2006) . Of the three factors, SAM68 was not recruited to MYL6 exon 6 by the expression of BRG1 ( Figures 5A and 5B ) or BRG1-mut ( Figure 5A ), but by BRM (Supplementary Figure   S1B ). To examine the specificity of the recruitment to the exon, we also examined the promoter and the constitutive exon 7, which harbours a potential hnRNPL site (Hung et al., 2008; Rossbach et al., 2012) , for association of these factors. No factor associated with the promoter upon expression of BRG1 and SAM68 associated with the constitutive exon 7, either in control cells or in BRG1 expressing cells ( Figure 5B ), suggesting that BRG1 altered the factor binding at the affected exons. The recruitment of factors by BRM was also specific to exon 6, and the promoter and exon 7 exhibited the same pattern of factors as that found in BRG1 expressing cells (Supplementary Figure S5B ). This suggests that the ATPases recruit factors directly to the alternative exon 6 without affecting the exons in the vicinity. However, the pattern of factors recruited depended on the ATPase expressed. Interestingly, even BRM-mut recruited several factors (Supplementary Figure S5A) , although it did not alter the splicing outcome. This prompted us to investigate whether BRG1 not only recruited splicing regulators to chromatin, but also affected their binding to RNA.
Many RNA binding factors associate with both chromatin and the nascent RNA (Zhou et al., 2014; Chen et al., 2018) and we examined the association of factors with the mRNA of the genes by chromatin-RNA immunoprecipitation (ChRIP). HnRNPU, which was found at chromatin in MYL6 exon 6 in control cells, was also found to associate with the exon in the nascent RNA ( Figure 5C ). In BRG1 expressing cells, the binding of hnRNPU was lost on the nascent RNA, even though hnRNPU was associated with chromatin. Instead, SAM68, but not hnRNPL, bound to the exon in the nascent RNA ( Figure 5C ). SAM68 was not bound to a high level in chromatin, but possibly directly recruited to RNA by BRG1. No direct binding of BRG1 to exon 6 in RNA was detected, suggesting that it does not interact with RNA during transcription but rather associated with chromatin. In BRM expressing cells, hnRNPU was also excluded from the RNA, and no other interaction was detected (Supplementary S5C). In summary, BRG1 changed the interaction pattern of RNA binding proteins to the mRNA.
BRG1 expression overcomes hnRNPU knock-down.
To further investigate the role of the RNA binding factors on the splicing outcome of MYL6 exon 6 upon the expression of BRG1, we knocked down hnRNPL, hnRNPU and SAM68 using siRNAs (Supplementary Figure S5E) . Knock-down of hnRNPL and hnRNPU in C33A control cells led to less inclusion of exon 6 in MYL6, while knock-down of SAM68 led to a significant increase in the inclusion rate ( Figure 5D ). Expression of BRG1 in cells in combination with hnRNPL knock-down did not restore the inclusion rate of exon 6, and the same level as in control cells was observed. SAM68 knock-down resulted in an even further increase of the inclusion rate in the presence of BRG1, suggesting that SAM68 has a fine-tuning role, dampening the increased rate in the presence of BRG1 ( Figure 5D ). Knock-down of hnRNPU in BRG1 expressing cells, however, restored the inclusion rate of MYL6 exon 6 to the level observed in BRG1 expressing cells in which hnRNPU was present. Knock-down of the factors in BRG1-mut expressing cells showed the same pattern of splicing; the splicing in hnRNPU knockcells was restored by BRG1-mut expression to the level observed in BRG1-mut cells having hnRNPU (Supplementary Figure S5E ). This suggests that hnRNPU promotes the inclusion of MYL6 exon 6 in control cells, but that BRG1 can replace this activity. BRG1 even enhanced the inclusion of the exon, possibly by allowing other RNA regulatory factors, such as SAM68, to interact with the RNA in the absence of hnRNPU.
BRG1 alters the binding of RNA binding factors to GADD45A and MAZ.
We also investigated how BRG1 and BRG-mut affected the recruitment of hnRNPU, hnRNPL and SAM68 to the affected exons in GADD45A and MAZ. BRG1 expression recruited the three factors to the alternative exon in GADD45A and MAZ cells, while the pattern of the factors in control cells differed. HnRNPL and SAM68 associated with GADD45A exon 2 in control cells, and in BRG1 and BRG1-mut expressing cells also hnRNPU was associated to the exon ( Figure   5E and Supplementary Figure S5F ). On the MAZ exon 5, only SAM68 associated in controls cells, and expression of BRG1 and BRG1-mut resulted in all three factors associating ( Figure 5F and Supplementary Figure S5G ).
The pattern of binding to the nascent RNA of the different factors on GADD45A exon 2 and MAZ exon 5 changed upon BRG1 expression, but in a different pattern to that found on MYL6 exon 6. SAM68 and hnRNPL, which were already present in chromatin without binding to RNA at GADD45A exon 2 in control cells, both bound to RNA in BRG1 expressing cells ( Figure 5G ).
HnRNPU, which was associated with the exon upon BRG1 expression, did not bind to RNA ( Figure 5G ). The RNA binding pattern in MAZ provided a further variant; SAM68 associated with chromatin in control cells without binding to RNA, whereas hnRNPL associated only with the RNA. BRG1 expression changed the RNA binding pattern, only hnRNPU was associated with RNA, although all three factors associated with chromatin ( Figure 5H) . These results indicate that BRG1-SWI/SNF complexes modify the association of RNA binding factors with the exon and alter their interactions with the nascent RNA to fine-tune the splicing outcome.
Discussion
mRNA alternative splicing is a combinatorial process, depending on a number of regulatory RNA binding proteins in addition to the general splicing machinery, chromatin states and transcription rate. Here, we demonstrate that the SWI/SNF complexes, which are mainly found at the promoter regulating transcription initiation (Masliah-Planchon et al., 2015; Clapier et al., 2017; Kadoch and Crabtree, 2015) , influence alternative splicing by affecting the interaction of RNA binding proteins with chromatin and the nascent RNA at a subset of exons. Expression of the SWI/SNF ATPases BRG1 and BRM in the human SWI/SNF deficient cell line C33A promoted both exon inclusion and exon skipping, emphasising the complexity of splicing events: the splicing outcome depends on specific exon and intron features, as well as chromatin and RNA binding protein context. Previously, the ATPase BRM has been shown to be involved in alternative splicing of specific exons in mammalian cells, favouring inclusion in a process that does not require the ATPase activity (Batsché et al., 2006; Ito et al., 2008) . The BRG1 protein binds RNA binding proteins, such as many proteins in snU2 and snU5 spliceosomes (Allemand et al., 2016; Yu et al., 2018) , and participates in cleavage and polyadenylation .
We show here that BRG1 is involved in splicing by both ATP-dependent and independent mechanisms, and that BRG1 and BRM can substitute for one another at some exons, but most targets are specific for each ATPase. The BRG1 ATPase independent exons displayed a high GC-content that were surrounded by high GC-content flanking regions compared to exons genome-wide, and no positioned nucleosome at the exon. This group resembled a group of exons defined in mammalian and avian genomes with a high GC-content, no differential GC-content in flanking regions, short introns, and no clear positioned nucleosome at the exon (Amit et al. 2012 ). This exon architecture is suggested to be identified by intron definition using splicing regulators (Amit et al., 2012; Gelfman et al., 2013) .
Chromatin remodelling proteins play a role in alternative splicing by affecting the chromatin state. The nucleosome density (Tilgner et al., 2009; Luco et al., 2010; Zhou et al., 2014) and the histone modification state at exons (Alló et al., 2009; Tilgner et al., 2009; Luco et al., 2010; Enroth et al., 2012; Curado et al., 2015; Chen et al., 2018) have been proposed to define alternative exons for the splicing machinery and to affect the RNA-polymerase phosphorylation level and the transcription rate (Braunschweig et al., 2013; Fu and Ares, 2014; Zhou et al., 2014; Jonkers et al., 2014; Naftelberg et al., 2015; Fong et al., 2017; Nojima et al., 2018) . The BRM affects alternative splicing by increasing the Ser5-P CTD state of RNA-polymerase II at alternative exons in HeLa cells (Batsché et al., 2006; Vorobyeva et al., 2012) . In Drosophila BRM-SWI/SNF complexes have been proposed to use a different mechanism: it acts on stalled RNA pol II at a nucleosome block at alternative exons. SNR1 (an INI1/SNF5 orthologue) induces stalling, which prevents splicing, and the subsequent release is caused by remodelling of the nucleosome by BRM-SWI/SNF. This results in intron retention, without a change in the Ser5-P CTD during release and without a changed transcription rate. It was suggested that SWI/SNF operates by inhibiting splicing factors from binding to the RNA (Zraly and Dingwall, 2012). Our study of ATPase independent BRG1-SWI/SNF affected exons could not support any of the previously proposed mechanisms for SWI/SNF mediated splicing. Instead we suggest that the SWI/SNF complexes are involved in splicing using a different mechanism: fine-tuning the splicing outcome by influencing the binding of RNA binding proteins.
Many splicing regulatory factors and general splicing factors purify with SWI/SNF subunits (Zhao et al., 1998; Dellaire et al., 2002) and purifications of the snRNP U2 spliceosome component also include several SWI/SNF subunits (Makarov et al., 2012; Allemand et al., 2016) . We performed an analysis of BRG1 and BRM interacting proteins in the RNP fraction and it revealed that BRG1, in particular, interacted with U2 snRNP and U5-U6 snRNP factors that assemble early in the splicing cycle (Lardelli et al., 2010; Hegele et al., 2012; Agafonov et al., 2016; Haselbach et al., 2018) . In addition to general splicing factors, we also found that BRG1 interacted with many regulatory RNA binding factors, such as hnRNPs and RNA helicases. Recent structural determinations of the spliceosome at different steps show that many rearrangements and compositional changes that occur during the splicing cycle require snRNA, splicing factors and regulatory factors (Bertram et al., 2017a; Bertram et al., 2017b; ; Haselbach et al., 2018; Zhang et al., 2018) . BRG1 recruits splicing factors and RNA binding proteins to affected exons, and we propose that it affects the interactions of RNA binding factors with their sites in RNA, which in turn influences the composition and the activity of the spliceosome and promote changes in splicing outcome.
The combinatorial nature of splicing regulation makes it is difficult to attribute changes in alternative splicing to only one RNA regulatory splicing factor. Instead, splicing can be achieved by several different mechanisms using the concurrent actions of a vast number of proteins and RNAs. Large-scale network analysis suggests that enhancer proteins interact by promoting the assembly of spliceosome sub complexes, whereas silencing occurs through RNA interactions (Ulrich and 2017; Guimarães et al., 2018) . The combinatorial effect of different RNA splicing regulators is shown by the results of the knock-down of the factors on inclusion of MYL6 exon.
MYL6 exon 6 depends on hnRNPL for inclusion, but without hnRNPL associating to the site (Hung et al., 2008; Rossbach et al., 2014; Vu et al., 2013; Shankarling et al., 2014; Cole et al., 2015) . Our experiments show that hnRNPL is recruited to chromatin, but not RNA, in BRG1 expressing cells with higher inclusion observed. Instead, BRG1 excluded the hnRNPU, which was bound to RNA in control cells, from RNA, while BRG1 also promoted binding of the recruited SAM68to the RNA. In hnRNPU knock-down cells, BRG1 restored the higher inclusion level. This may be an effect of rearrangements in the spliceosome as a result of BRG1 rearrangement that allow different factors to bind to RNA. Combinatorial mechanisms have been proposed in which hnRNPs help to position splicing factors in the spliceosome and to block splice sites (Heinrich et al., 2009; Grillari et al., 2009; Howard et al., 2018) . Other splicing factors, such as ZMAT2, fine-tune splicing by causing rearrangement to the spliceosome (Tanis et al., 2018) . We speculate that chromatin remodelling factors also influence the spatial association of general splicing machinery with RNA; by recruiting, stabilising, and evicting splicing factors, to rearrange their interactions at the exons to fine-tune the splicing result ( Figure   6 ). Dysregulated expressions of SWI/SNF components are often also found in malignant transformation, and may contribute to an altered gene expression that promotes cancer development (Biegel et al., 2014; Kadoch and Crabtree, 2015) . Changes in splicing caused by mutations or deletions of snRNA and non-snRNP proteins are also tightly connected to malignant transformation. Our findings show that SWI/SNF complexes may contribute to cancer progression also by altering the splicing outcome. The functions of the different splice variants of the investigated genes have been associated with cancer transformation. MYL6 exon6 is more prevalent in smooth muscle, and the ratios of the splice variants are changed during cancer transformation, favouring a splice variant promoting migration (Li et al., 2006; Roberti et al., 2018) . GADD45A also exhibits a changed splicing pattern in cancer cells, with the shorter splice form inhibiting cell cycle progression during stress Salvador et al., 2013; Carbonell et al., 2019) . The longer MAZ exon 5 variant has been shown to inhibit the activation of inflammatory genes by the shorter MAZ isoform by binding more strongly to DNA (Ray et al., 2002; Triner et al., 2017) . These examples indicate that SWI/SNF complexes affect the balances between splice variants with different functions, which may be an additional way that SWI/SNF targets are dysregulated during cancer progression.
A number of mechanisms operate to regulate the abundance of alternatively spliced exons. These mechanisms affect chromatin structure, transcription rate and the binding of splicing factor and RNA binding proteins. We show here that SWI/SNF complexes affect the splicing outcome by different mechanisms, both ATP-dependent and independent mechanisms, possibly determined by underlying exon features and recruited factors. SWI/SNF complexes have been shown to affect nucleosome structure and transcription rate and we propose an additional mechanism: BRG1 SWI/SNF complexes recruit RNA binding proteins and the general splicing machinery to alternative exons, and change the interaction of proteins in the nascent RNP to promote inclusion on exons with high GC content without a positioned nucleosome.
Materials and methods
Cell culture
Human HeLa and C33A cells (originally from ATCC) were cultured at 37ºC and 5% CO2 in DMEM (HyClone) medium supplemented with 10% FBS, 50 U/ml penicillin and 50 μg/ml streptomycin.
Exogenous expression and knock-down
C33A cells were transiently transfected for the expression of hBRG1 and the ATPase deficient BRG1 from the pBJ5-BRG1 and pBJ5-BRG1-K798R plasmids, respectively (Khavari et al., 1993) . For hBRM and its ATPase deficient versions, pCG-hBrm and pCG-hBrm-K798R (Muchardt and Yaniv, 1993) were used. The pOPRSVI vector was used as control. Plasmids were transfected using Lipofectamin 2000 (Invitrogen) according to the manufacturer's instructions for 48 hours before harvesting. BRG1 and BRM were knocked down in HeLa cells using siRNA. siRNA was transfected using RNAiMAX (Invitrogen) according to the manufacturer's instructions. For knockdown experiments for hnRNPL, hnRNPU and SAM68, the same cells were transfected 24 hours after siRNA transfection with plasmids expressing BRG1, BRM and the mutated ATPases, and were incubated for an additional 48 hours before harvesting. SiRNAs for BRG1 (called SMARCA4) and BRM (called SMARCA2) and the RNA binding factors investigated are presented in Supplementary Table S6 .
RNA isolation and cDNA synthesis
RNA was extracted using Tri-reagent (Ambion/ThermoFisher) and treated with DNAse I (ThermoFisher). cDNA was synthesized with SuperScript III (Invitrogen/ThermoFisher) and oligodT according to the manufacturer's instructions.
qPCR qPCR was performed in duplicate reactions using a KAPA SYBR Fast qPCR Kit (KAPABiosystem) in a QIAGEN Rotor-GeneQ system. Primers used are presented in Supplementary Table S5 .
RNA-seq, differential exon inclusion and gene expression analysis
Sequencing of 1 µg of RNA was performed with an Illumina HiSeq 2500, with 50 million reads depth. Reads were mapped with Tophat/2.0.4 to the Human genome assembly, build GRCh37.
Gene counts were generated using HTseq/0.6.1 on bam files with duplicates included.
Alternative splicing was analyzed using MISO (Katz et al., 2010) , and exons with a Bayes factor greater than 10 were considered to be differentially spliced. Exons showing opposite effects in the two replicates or in two different groups were discarded, as were exons with the same 5' or 3', and less than 50% of the length of the longest exon form. A given exon was only counted once, even if it was reported more than once in the MISO output. Differential gene expression was determined using DESeq2 with default parameters. C33A expressed exons were determined using FeatureCounts, and exons having a count in both replicates from pOPRSVI transfected cells were considered.
Co-immunoprecipitation (Co-IP)
HeLa RNP extract was prepared as described in Tyagi et al. (2009) . Briefly, nuclei were sonicated to obtain the chromatin fraction, and the chromatin was treated with RNAse A in PBS to release proteins bound to the nascent RNA (RNP fraction). The antibodies used were BRG1 antibody (Östlund Farrants et al., 1997) , and the BRM and IgG antibody were from Abcam.
Antibodies are presented in Supplementary Table S4 .
Immunoblotting blot
Cells were lysed in SDS-PAGE Laemli buffer containing 5% 2-mercaptoethanol. Protein extracts were separated by SDS-PAGE and transferred to a PVDF membrane (Millipore).
Tubulin was used as a loading control (Abcam) for cell extracts and IgG antibody as negative control for co-IP. Antibodies against hnRNPL, DHX9, SAM68, SAP155 and THOC2 were from Abcam and listed in Table S4 .
Chromatin immunoprecipitation (ChIP)
C33A cells were fixed with 1% formaldehyde for 10 minutes at room temperature and chromatin extracted as described in Ryme et al. (2009) . The chromatin was fragmented by sonication to fragments with a mean length of 500 bp. The antibodies used: SAM68, hnRNPL, hnRNPU, BAF155 and Ini1, were purchased from Abcam ( Supplementary Table S4 ). Primers used in the analysis are presented in Supplementary Table S5 .
Chromatin RNA immunoprecipitation (ChRIP)
C33A cells were cross-linked by 1% formaldehyde-treated chromatin, and the RNA was extracted from the immunoprecipitated chromatin with Tri-reagent (Ambion/ThermoFisher), treated with DNAse I (ThermoFisher). cDNA was then synthesized with SuperScript III (Invitrogen/ThermoFisher) and random primers according to the manufacturer's instructions.
The antibodies used against SAM68, hnRNPL and hnRNPU were purchased from Abcam.
Primers used in the analysis are presented in Supplementary Table S5 .
ChIP-seq data analysis
Published signal (bigwig files) from the ChIP-seq data was downloaded from ENCODE.
Nucleosome positioning was downloaded from ENCODE/Stanford/BYU and histone modifications were downloaded from ENCODE/Broad. The files were transferred to the MISSISSIPPI Galaxy server (https://mississippi.snv.jussieu.fr/), lifted to hg19 reference genome when necessary using CrossMap (v0.2.7), and plotted using DeepTools2. The data for the plot were generated with computeMatrix 3.1.2, providing lists of included or skipped exons; 400 bp of exon and and 2000 bp upstream and downstream of those regions, 20 bp bin, missing values converted to 0 and mean selected as the statistic. The plot was generated with plotProfile (3.1.2) and used the "add standard error" mode.
Chromatin states, regulatory regions and RNP motifs
The chromatin states of the SWI/SNF affected exons and all C33A exons expressed were determined with the intersection tool from the UCSC RNP binding motifs present in SWI/SNF affected exons were determined using RBPmap (Paz et al., 2014) providing the exon coordinates and requesting all Human/Mouse motifs, with a high stringency level and conservation filter switched off.
GC content
The sequences of affected exons and 500 bp upstream and downstream were retrieved with the Extract Genomic DNA tool (Galaxy Version 2.2.4). All sequences were aligned with transcription orientation and the average of C or G in each position was calculated. All exons were fitted in 100 bp: for this, the average of C or G was previously calculated for 1% of the total length of the exon. Smoothing was done with a moving average, factor 10 in Excel.
Zraly CB, Dingwall AK. The chromatin remodeling and mRNA splicing functions ofthe Brahma (SWI/SNF) complex are mediated by the SNR1/SNF5 regulatory subunit.Nucleic Acids Res. 2012 Jul; 40(13) :5975-87. doi: 10.1093/nar/gks288. C33A cells were transfected with siRNA targeting splice regulatory factors interacting with BRG1 and BRM, incubated for 24h, and transfected with BRG1-mut for an additional 48 h. The primers presented in Figure 2A were used to assess exon 6 in MYL6. Values were normalised to scr siRNA for each ATPase expressed, and asterisks show significant changes (p-value < 0.05) compared to control (n = 3). F and G) ChIP was performed in C33A cells expressing BRG1-mut with antibodies against Sam68, hnRNPU, and hnRNPL, and analysed with qPCR with the same primers as in Figure 2 for GADD45A exon 2 and MAZ exon 5. Results are presented as percentage of input and asterisks show significant changes (p-value < 0.05) compared to control (n = 6).
Figure Legends
Supplementary Table S1
Exons affected by expression of the SWI/SNF ATPases in C33A cells. The exon that were differentially expressed were identified by the MISO algorithm.
Supplementary Table S2
Differentially expressed genes in C33A cells expressing the ATPases.
Supplementary Table S3
Genes in which both the expression and exons were affected by the expression of SWI/SNF ATPases.
Supplementary Table S4
Sequences of the SiRNAs used in the study.
Supplement Table S5
Antibodies used in the study.
Supplementary Table S6
Primer pairs used for qPCR in the study. 
